Small-angle neutron scattering (SANS) and wideangle neutron scattering (WANS) measurements on pumice, an amorphous natural aluminosilicate used as support for metals in the preparation of catalysts, are reported. The SANS spectrum indicates the presence of a broad size distribution of pores and the absence of volume fractality. Surface fractality, however, cannot be ruled out. The structure of pumice, suggested by the pair-correlation function derived from the WANS spectrum and simulated by a random-network structure model, is very similar to that of vitreous silica, consisting mainly of SiO 4-tetrahedra interconnected by bridging O atoms with additional local disorder generated by the replacement, on average, of one in ten Si atoms by aluminium.
I. Introduction
Catalysts prepared by supporting metals on pumice, a natural aluminosilicate of volcanic origin, display interesting properties and have been successfully employed in heterogeneous catalysis (Covert, Connor & Adkins, 1932; Mintsa-Eya, Milaire, Choplin, Touronde & Gault, 1983) .
Pumice is characterized by a high silica content (~70%), a low surface area of ~5m 2 g-l, as determined by the Brunauer-Emmet-Teller method, and a density of about 2.3 g cm-3 (Deganello, Duca, Martorana, Fagherazzi & Benedetti, 1994) . Its amorphous structure differentiates it from other aluminosilicates and zeolites that are commonly used in catalysis.
In an attempt to interpret the peculiar properties of the catalysts obtained by supporting platinum, palladium or a mixture of these two metals on pumice, an investigation of the structure of pumice and of the catalysts has been undertaken by several methods. ¢~C) 1994 International Union of Crystallography Printed in Great Britain -all rights reserved Small-and wide-angle X-ray-scattering measurements have confirmed the amorphous structure (Fagherazzi, Benedetti, Deganeilo, Duca, Martorana & Spoto, 1994) whereas X-ray photoelectron spectroscopy and magic-angle spinning 27A1 solid-state nuclear magnetic resonance have indicated that pumice is formed by SiO~-tetrahedral networks with some (approximately one in ten) SiO]-units replaced by aluminate ions AIO2 and that the aluminium is present mainly in a tetrahedrally coordinated environment (Venezia, Floriano, Deganello & Rossi 1992; Venezia, Duca, Floriano, Deganello & Rossi, 1992a,b) .
Recently, a model of size distribution and structural disorder for palladium grown on pumice, suggesting nearly spherical metallic particles affected by stacking faults, has been proposed (Martorana, Deganello, Duca, Benedetti & Fagherazzi, 1992 ). It appears, however, that a proper structural characterization of the support, in addition to information pertaining to the catalysts, is needed for progress to be made towards a more thorough understanding of the chemistry and kinetic behaviour of metals supported on pumice. X-ray scattering has not proved to be very useful for this purpose, other than in demonstrating the amorphous structure of pumice, since it is unable to discriminate between elements of similar atomic number, such as silicon, aluminium and oxygen. On the other hand, the neutron scattering lengths of these elements are sufficiently different (Sears, 1986 ) that a neutron-scattering study of pumice should provide important structural information.
In this paper, wide-and small-angle neutron scattering (WANS and SANS, respectively) experiments performed on samples of pumice are reported. The structural information obtained from these experiments is combined with additional information obtained from simulations to suggest a structural model for pumice.
II. Experiment
Samples of pumice powder (grain dimensions >45 )am) were obtained from Pumex (Lipari, Italy). Diffraction experiments were performed on asreceived samples and on samples that had undergone the same purification treatment as those used in the synthesis of supported metal catalysts (Deganello, Duca, Martorana, Fagherazzi & Benedetti, 1994) . In this treatment, the powder was boiled in 15% nitric acid for 30 min then dried in a stream of nitrogen first at 393 K for several days and finally at 473 K for 2 d. It has been shown (Venezia, Floriano, Deganello & Rossi, 1992 ) that the acid treatment depletes the surface of pumice of AIO2 and of the monovalent cations K ÷ and Na + Small-angle neutron scattering experiments were performed on the LOQ diffractometer of the ISIS facility at the Rutherford Appleton Laboratory (RAL), Chilton, England. The samples were contained in quartz cells (2 mm optical path length). Neutrons with wavelengths between 2 and 10/~ from the spallation source were used, yielding a range of momentum transfer Q between 0.005 and 0.2 A-1. The observed scattering intensities from a two-dimensional detector, after corrections for background, absorption and multiple scattering, were converted, using software programs supplied by the RAL, into differential scattering cross sections, d ~ (Q)/d~2, as functions of the momentum transfer, Q, by calibration with porasil checked against calibrations performed by the laboratory staff. The results are shown in Fig. 1 .
Wide-angle neutron scattering experiments were performed at the NRU reactor of Chalk River Laboratories, AECL Research. Neutrons of wavelength ). = 1.0023 A were used. Samples of untreated and treated pumice powder were contained in a vanadium cylinder 52 mm in height with internal and external diameters of, respectively, 7.94 and 8.49 mm. The sample was constantly rotated during the measurements. A 28-element detector array was used and the sample-to-detector distance was 1.45 m. Measurements were taken in 0.05 ° steps but are presented here in 0.1 ° steps after binomial smoothing of the original data. After subtraction of the background, the scattering data were corrected for absorption and multiple scattering in a manner similar to that previously suggested and used for vitreous silica (Johnson, Wright & Sinclair, 1983) . Since there was no appreciable difference between the scattering patterns obtained from the untreated and treated pumice samples, an average of the two spectra was used for the final analysis. The resulting curve was very similar in shape to that obtained for vitreous silica (Johnson, Wright & Sinclair, 1983 ) and, therefore, the latter was used as a guide to scale the pumice intensities and to convert them into a structure function, S(Q), which approached unity at large values of Q. The structure function obtained in this way and smoothly extrapolated to Q = 0 is shown in Fig. 2 .
III. Discussion
As mentioned in the Introduction, pumice is characterized by an amorphous structure where, on the average, one in ten Si atoms, tetrahedrally coordinated by oxygen, are randomly replaced by AI atoms that maintain the same coordination. To balance the net charge resulting from AIO2 substitution for SiO2, interstitial sites are occupied by monovalent cations, mainly sodium and potassium (Venezia, Floriano, Deganello & Rossi, 1992) . Long-range disorder presumably results, as is the case for vitreous silica, from the different possibilities of connecting SiO~-tetrahedra by bridging O atoms. An additional feature of pumice is its porous structure, which is responsible for the low apparent density (~0.7 g cm-3). However, the low surface/ volume ratio indicates that a substantial fraction of the total number of pores must be closed, i.e. not accessible from the outside. There is some debate as to the importance of the pore structure of pumice for catalytic purposes. Regardless of the significance from the catalysis point of view, however, the size, number and dimension of the pores are important structural information needed for the complete characterization of this material.
The pore structure of any material will be reflected in the SANS spectrum. The results in Fig. 1 indicate that a continuous distribution of pore sizes must be present, ranging from pores a few &ngstr6ms in diameter all the way up to macropores (>500 A). The momentum-transfer range investigated in this study was 0.005 < Q < 0.2/k -1, corresponding to length scales of approximately 30 to 1000 A.
In spite of many attempts to determine the pore-size distribution by diffraction techniques, the method is reliable only when the full distribution can be probed (Guinier & Fournet, 1955) . Experimentally, it is a difficult task to push SANS measurements to very low values of Q, to probe the large-size end of the distribution, or to very large values of Q, to probe the very small size region. For this reason, we have not attempted to extract a pore-size distribution for pumice from our SANS measurements. It should be noted, however, that the lack of any significant structure in the scattering curve shown in Fig. 1 indicates a broad and continuous size distribution, at least over the range explored in this study.
A more promising method known as 'contrast matching' was originally proposed about 35 years ago (Gunn, 1958) and has been used recently to determine pore-size distributions of catalysts (Acharya et al., 1990) . In this method, one follows the variation of the scattering intensity as a function of the change of the contrast between the matrix and the pores as different additions of HzO/D20 mixtures of appropriate composition, which intrude into the pores, are made. The scattering intensity will go through a minimum when the scattering density of the pores plus fluid matches that of the matrix. This is effectively equivalent to elimination of the scattering caused by the pores and, therefore, the scattering density of the HzO/D20 mixture at the match point will be equal to that of the pores. Although this technique has proved very useful for many studies including catalyst characterization (Acharya et al., 1990) , there is some doubt as to whether it can lead to unambiguous results for pumice, where, as mentioned above, it is thought that many of the presumably small pores are closed and hence inaccessible to the fluid. However, work is currently in progress to tackle this problem using scattering techniques augmented by physisorption and 129Xe nuclear magnetic resonance (Venezia, 1993) .
A completely different approach, based on the concept of fractal geometry (Mandelbrot, 1977) , has been proposed for the structural characterization of catalysts using natural substrates as supports , for rocks and porous media (Wong, 1985; Wong, Howard & Lin, 1986; Wong & Bray, 1988) and, more recently, for volcanic rocks (Lucido, Triolo & Caponetti, 1988; Lucido, Caponetti & Triolo, 1991) . The method is briefly outlined here.
The fundamental relation involving the concept of self similarity which is relevant to the study of the structure of a porous system can be written as
where M is the number of particles of size R needed to cover the length, area or volume of an object of dimension D. The exponent D will be 2 for a fiat and smooth surface, whereas it will be 3 for a three-dimensional object whose volume is completely filled by the particles. For a three-dimensional fractal object, 2 < D < 3.
It has been shown previously (Wong, 1985 : Wong, Howard & Lin, 1986 , Wong & Bray, 1988 Lucido, Triolo & Caponetti, 1988; Lucido, Caponetti & Triolo, 1991) that the intensity of neutrons scattered coherently by a sample consisting of monodispersed non-interacting spheres of radius R and scattering density p, embedded in a matrix with scattering density Jam, can be written as
Equation (2) implies that, at relatively large QR values, the scattering intensity is proportional to Q-4 (Porod law) if the system is characterized by sharp interfaces. Negative deviations can be observed for diffuse interfaces and a different slope is expected for fractal objects. It can be shown (Wong, 1985) that there exists a relation between the scattering intensity and Q such that
where A incorporates all the constant terms, a is a function of the dimension, concentration and composition of the dispersed phase and x is a positive parameter determined by the degree of roughness of the surface (x = 0 for a smooth dividing interface). An examination of the slope of the curve of I(Q) versus Q can then provide valuable information on systems, such as pumice, characterized by a dispersion of scattering entities separated by a matrix of homogeneous material.
This idea has been used in the past to analyse different geological materials of volcanic and plutonic origin, on the assumption that the magmatic fluid from which the rocks originate will, under cooling, tend to separate into two immiscible liquid fractions, one enriched in high-charge-density ions and the other enriched in low-charge-density ions and elements forming polymeric networks (Lucido, Caponetti & Triolo, 1991) . Pumice belongs to this general class of volcanic rocks. Fig. 3 shows a log/log plot of the low-Q region of the scattering data for untreated and treated pumice reported in Fig. 1 . Linear fits to the two sets of points give slopes of -3.99(2) and -4.01 (1), respectively. It would thus appear that pumice follows the Porod law rather closely. In other words, only the first term in (3) contributes to the scattering intensity and, therefore, roughness is not important, at least on the length scale considered (approximately 30 to 1000 A).
Of course, what has been derived so far is strictly true for monodispersed systems, whereas it has also been mentioned that the shape of the scattering curve in the SANS region suggests the presence of a broad distribution of pore sizes. With this in mind, it can still be stated that the pores in pumice behave as if they had no fractal volume, but no conclusion can be drawn on the interface (Wong, 1985) .
Our final conclusion is that the structure of pumice in the small-Q region (large distances) is quite complicated, as is often the case for natural materials. Further investigation is clearly merited.
We now turn our attention to the large-Q (small distances) region. In Fig. 2, S(Q) versus Q averaged over untreated and treated samples of pumice has been reported. As was also observed in the low-Q region, the chemical treatment that the one sample where p is the density of the scatterin~ centres, which was set equal to 1, and Qmax = 10.8 A-1 is the maximum value of Q that was reached in our measurements. This value is probably large enough to avoid serious truncation errors, which could lead to spurious peaks in 9(r). To test this hypothesis, S(Q) was multiplied by different apodization exponential functions and it was found that this did not appreciably change the results, at least as far as the presence and positions of the peaks in 9(r) were concerned.
We show in Fig. 4 the pair-correlation function 9(r) as a function of the interparticle distance r. This curve expresses the probability that, given a particle at the origin, r = 0, another particle will be found a distance r away. Since the length scale involved here is of the order of a few hngstr6ms, one can expect to see peaks arising from correlations between atoms belonging to the local tetrahedral environment of pumice plus other peaks arising from longer-range correlations between next-nearest neighbours and so on. However, because of its amorphous nature, one would expect that long-range correlations in pumice will be rather weak, that the peaks at large distances will be rather broad and that 9(r) will rather quickly approach its asymptotic value of 1. This is indeed what is seen in Fig. 4 . The pair-correlation function of pumice thus mainly provides information on the local arrangement of Si, AI and O atoms up to a distance of a few hngstr6ms. It is instructive to compare the features shown in Fig. 4 with those previously found in studies on vitreous silica (Mozzi & Warren, 1969; Johnson, Wright & Sinclair, 1983) , whose structure should be rather similar to that of pumice. In silica, the first three peaks in the correlation function were attributed to Si-O (r= 1.61A), O-O (r=2.63A) and Si-Si (r--3.08A) bonds. The Si-O distance to the second-nearest oxygen neighbour also gave rise to a peak at ,-, 4.15 A.
In pumice, an intense peak is observed at r = 1.62 (2)]k (uncertainties in peak positions were determined from the observed variations with r of the calculated 9(r) values in 0.005 A steps in the peak regions); this value agrees very well with the Si-O distance in amorphous silica and also with the Si-O distance (r = 1.61 A) in both fused and crystalline s-quartz (Reilly, 1970) . The next peak (see Fig. 4 ) can be attributed to O-O correlations. This peak is centred at r = 2.65 (2)A but is rather broader than its silica counterpart, extending up to --,3 A. The peak at ~3.5A is attributed to O-O secondneighbour distances on the basis of the structure of crystalline s-quartz (Reilly, 1970) . This peak is also detected in vitreous silica. The broad peak centred at ~4.1 A is attributed to Si-O second-neighbour distances. It becomes increasingly difficult to identify the origin of the peaks located at larger distances because these peaks get broader both because of the disorder in intermolecular distances resulting from the amorphous structure and also because, at large r values, several different atomic pair correlations may contribute to the same peak.
A small Si-Si peak should be present at r ~_ 3 A. This peak, reasonably well resolved in vitreous silica (Johnson, Wright & Sinclair, 1983) , is not visible in Fig. 4 and probably lies underneath the broad O-O peak, which is slightly asymmetric. There could be several reasons for broadening of the O-O peak but, in any case, the effect of the presence of aluminium in the Si-O-Si network should not be overlooked.
As mentioned earlier, in pumice, AI atoms replace silicon in the network while maintaining the local tetrahedral symmetry. In principle, it should thus be possible to observe in the pair-correlation function a peak arising from A1-O correlations. In aluminosilicate glasses and melts, the X-O distance, where X = Si or A1, varies with aluminium content from 1.62 A for pure SlOg to 1.72 A for pure AIO4 tetrahedra (Navrotsky, Geisinger, McMillan & Gibbs, 1985) . It is impossible, with the present data, to determine if such peaks are present in the pumice g(r) in this region because of the strong Si-O peak. In fact, any AI-O peaks in pumice are expected to be rather weak both because the neutron scattering length of aluminium is about 15% smaller than that of silicon (Sears, 1986) and because the concentration of aluminium is much smaller than that of silicon. It is thus not surprising that AI-O peaks are not observed. However, the presence of a certain fraction of AI atoms might well introduce enough disorder in the network to produce a broader distribution of O-O distances, which would show up as a broader peak in the pair-correlation function. This would be the result of both longer AI-O bond distances compared with Si-O and also differences in bond angles between O-Si-O and O-A1-O.
In order to test the above hypothesis, a randomnetwork model of pumice has been developed. The random-network structure model was originally proposed for vitreous silica to account for its amorphous structure (Zachariasen, 1932) . The model is based on the assumptions that silicon and oxygen structural positions are energetically equivalent and that there is no ordering except in the existence of SiO]-tetrahedra. The structure is built by connecting the tetrahedra with bridging O atoms, thus generating a three-dimensional interconnected structure. In the present study, a model for silica has been developed using a computer program in which bond lengths and angles are optimized with respect to given initial guesses.
Initial parameters for the calculations were: distances of 1.61, 2.63 and 3.08 A for the Si-O, O-O and Si-Si bond lengths, respectively, and initial angles of 109.47 ° for tetrahedral O-Si-O and 144 ° for Si-O-Si bond angles. The latter is the Si-O-Si bond angle in crystalline ~-quartz (Reilly, 1970) and the most probable bond angle in vitreous SiO 2 (Mozzi & Warren, 1969) . 19 SiO~-tetrahedra were used, certainly too few to represent any realistic structure of vitreous SiO 2 but adequate to investigate the effect of adding aluminium.
The tetrahedra were randomly connected with bridging O atoms. Bond lengths and angles were optimized through an iterative procedure. The final structure is shown in Fig. 5 . Equilibrium Si-O distances ranged between 1.52 and 1.70A, whereas bond angles varied in the ranges 102-116 ' and 127-151 ° for O-Si-O and Si-O-Si, respectively. At this point, two of the Si atoms were replaced with aluminium, the initial A1-O distance being set at 1.71 A, and the equilibration procedure was repeated. The final structure is shown in Fig. 6 . Equilibrium Si-O and A1-O distances lay in the ranges 1.55-1.67A and 1.68-1.74 A, respectively, whereas bond-angle ranges were 100-120 ~ and 124-144 c for O-Si(A1)-O and Si(A1)-O-Si(A1), respectively. In addition, as can be noted from a comparison of Figs. 5 and 6, at the sites where replacement of silicon with aluminium has taken place, an appreciable change of local structure has occurred. Within the obvious limits of the simulation, it can be stated that the introduction of aluminium into the amorphous SiO 2 structure has the effect of further increasing the degree of local disorder, particularly in intertetrahedral angles. It is important to note that insertion of aluminium in the silica network is not simply a substitution of AI 3+ for Si 4+, since it also involves the addition of a metal cation to neutralize the resulting charge. It has been shown (Navrotsky, Geisinger, McMillan & Gibbs, 1985) , however, that the effect of the additional cation is to further decrease the intertetrahedral angle.
In summary, the WANS spectrum of pumice is indicative of a structure very similar to that of amorphous silica, with a broader distribution of near-neighbour O-O bond distances and angles. This can be largely attributed to the effect of replacing, in the tetrahedral sites, Si atoms by AI atoms.
In conclusion, we have investigated the structure of pumice by both SANS and WANS. We have found that, though it is very similar in structure to vitreous SiO 2, pumice presents some differences that can be ascribed to distortions of the local tetrahedral structure produced by the different environment required by aluminium compared with silicon. The porous nature of pumice manifests itself in the SANS spectrum, which indicates a broad distribution of sizes. There is no indication of volume fractality, although the possibility of a fractal surface cannot be ruled out. 
